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Abstract: A total of 85 PM2.5 samples were collected at a site located in a large industrial zone
(Porto Marghera, Venice, Italy) during a one year-long sampling campaign. Samples
were analyzed to determine water soluble inorganic ions, elemental and organic
carbon and levoglucosan and results were processed to investigate the seasonal
patterns, the relationship between the analyzed species and the most probable
sources by using a set of tools, including: (i) conditional probability function (CPF), (ii)
conditional bivariate probability function (CBPF), (iii) concentration weighted trajectory
(CWT) and (iv) potential source contribution function (PSCF) analyses. Furthermore,
the importance of biomass combustions to PM2.5 was also estimated. Average PM2.5
concentrations ranged between 54 µg m-3 and 14 µg m-3 in the cold and warm period,
respectively. The mean value of total ions was 11 µg m-3 (range 1-46 µg m-3): the
most abundant ion was nitrate with a share of 34% followed by sulfate (23%),
ammonium (11%), potassium (3%) and chloride (3%). Levoglucosan accounted for
1.2% of the PM2.5 mass and its concentration ranged from few ng m-3 in warm
periods to 2.6 µg m-3 during winter. Average concentrations of levoglucosan during the
cold period were higher than those found in other European urban sites. This result
may indicate a great influence of biomass combustions on particulate matter pollution.
Elemental and organic carbon (EC, OC) showed similar behavior, with the highest
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contributions during cold periods and lower during summer.  The ratios between
biomass burning indicators (K+, Cl-, NO3-, SO42-, levoglucosan, EC and OC) were
used as proxy for the biomass burning estimation and the contribution to the OC and
PM2.5 were also calculated by using the LG/OC and LG/PM2.5 ratios and were
estimated to be 29% and 18%, respectively.
Response to Reviewers: Dear Editor,
The authors are grateful to the referees for reviewing the manuscript. All suggestions
have been addressed and the text has been rewritten and completed accordingly. A
point to point reply is reported here below.
We are confident that the manuscript has  significantly improved after the revision.
The authors are also grateful to the Editor and Editorial office for their help.
Kind regards,
Bruno Pavoni
Note:
The Referee questions are in italics, in normal text are the old parts and their revisions
Reviewer #1.The manuscript by Benetello et al. discusses the contribution of both
regional and local sources of biomass burning to PM2.5 concentrations in the Po
valley, Italy. The authors present time-integrated data on ambient OC, EC, inorganic
ions and levoglucosan, as well as the results of multiple receptor modeling and back
trajectory analyses (such as conditional probability function and concentration
weighted trajectories, among other methods).  The manuscript and discussions therein
are very well-articulated, and the analyses are presented elegantly. Quality of the
manuscript and importance of the topic certainly warrant a publication in ESPR. Below
are a few (minor) comments that can help further improve the quality of this already
well-written manuscript prior to publication:
Line 41: Please define IARC.
Definition added
Line 42: Please define fine mode particulate matter.
“from 10% to 70% to fine mode particulate matter”
Rewritten:
“from ~10% to 70% to fine mode particulate matter (PM2.5)”
Line 134: "probably" should be changed to "probable".
Corrected
Line 187: TC is not defined anywhere in the text. From the numbers it seems that it
refers to "total carbon" and is calculated as the sum of EC and OC. This needs to be
clarified.
Added: (TC=OC+EC)
Line 189-191: It is worthwhile to present the actual correlation matrix with all correlation
values in either SI or the main text.
The correlation matrix has been added in the “supplementary material” part.
Line 212-235 (section 4.3). There are logical issues in the interpretation of OC/EC ratio
in this section. First of all, OC and EC can both have very diverse source origins.
Analyzing the OC/EC ratio as an indicator of the extent of biomass burning is too
simplistic to be true, and can be significantly biased depending on location/season. As
an example, the authors first attribute the higher OC/EC concentration in winter
compared to summer to higher biomass burning. Few lines later temperature
difference and partitioning of OC in the particle phase is noted as another factor
affecting this comparison. The extent to which each of these factors contributes to OC
levels is, however, unclear. Another effect totally ignored in these discussions is the
secondary formation of OC, which can enhance the OC levels during summer without
affecting EC concentrations. Accordingly, OC/EC ratios in many regions of the world
where SOA formation is substantial during summer seasons (such as  southwestern
United States) is higher during the warmer season compared to the colder seasons. It
is, overall, insightful to discuss the OC/EC ratios and compare them to what was found
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in literature, but interpretation of this ratio (in the absence of more deterministic
carbonaceous species parameters such as WSOC or WIOC) should be made with
caution given the numerous factors that affect both OC and EC levels.
Old Text
Sudheer and Sarin (2008) discuss the EC/TC ratio as a way to distinguish fossil fuel
and biomass burning sources.  Further, this ratio could identify emissions also from
different types of biomass burning (Andreae and Merlet 2001). Engling et al. (2011)
reported a value of 0.23 ± 0.10 for PM2.5 in Tengchong County impacted by biomass
burning activities; our ratios were 0.22±0.06 and 0.38±0.06 during cold and warm
periods, respectively, reaching the highest values in summer and following a clear
decrease in winter. This behavior was also observed in Amsterdam (Viana et al., 2007)
and could be related to wood burning emissions characterized by low EC/TC ratios
during the cold period as observed by Zdráhal et al. (2002).The use of EC and OC
relationship can be useful to distinguish their origin (Xu et al. 2012). EC may be used
as a tracer for primary emissions of carbonaceous compounds; for this reason,
variations of the OC/EC ratio range can be consider as an indicator, because it may
identify changes in emission sources, source areas or processes (Viana et al. 2007).
OC/EC ratios of 9, 1.1 and 2.7 reported by Watson et al. (2001), discern biomass
burning, vehicle emissions and coal combustion sources, respectively. Lonati et al.
(2007) reported a mean OC/EC ratio of 8.6 for the cold season and 4.2 for the warm
one in Milan. Other Italian OC/EC values were in a range of 4.0–5.6 in Genoa, 4.3–13.4
in Florence and 4.5–8.2 in Milan (Vecchi et al. 2008). In this study, the mean OC/EC
ratios for the cold period were 4±2 (range 1.8 - 10.1), while 1.7±0.5 (range 1.1–3.3) for
the warm period and were generally similar to those found in most European cities. In
fact, OC/EC mean ratios obtained by Viana et al. (2007) were 4.7, 3.1, 4.4 for winter
time and 2.8, 2.6, 3.5 during the summer period in Amsterdam, Barcelona and Ghent,
respectively. Generally, lower OC/EC ratios indicate fossil-fuel combustion, while
higher ratios underline the influence from biomass burning sources (Ram and Sarin
2010). Low temperature and mixing layer heights during winter play an important role
to increase the OC/EC ratio; for this reason, ratio values were higher during cold period
(Vecchi et al. 2008; Li et al. 2012). This pattern was observed in studies in Italy (e.g.
Vecchi et al. 2008) and in other countries like China (e.g. Dan et al. 2004; Li et al.
2012).
Figure 2 shows correlations, the temporal variation of EC and OC concentrations and
OC/EC ratio for PM2.5. Different EC-OC correlation coefficient (R2) of 0.53 and 0.42
were observed during cold and warm periods, respectively. This result suggests the
presence of different sources for EC and OC especially in summer, since the relative
rates of OC and EC releases are not proportional to each other.
Rewritten:
“Sudheer and Sarin (2008) discussed the EC/TC ratio as a way to distinguish fossil fuel
and biomass burning sources. In addition this ratio could identify emissions also from
different types of biomass burning (Andreae and Merlet 2001). Engling et al. (2011)
reported a value of 0.23 ± 0.10 for PM2.5 in Tengchong County impacted by biomass
burning activities; our ratios were 0.22±0.06 and 0.38±0.06 during cold and warm
periods, respectively, reaching the highest values in summer and following a clear
decrease in winter. This behavior was also observed in Amsterdam by Viana et al.
(2007), who related it to wood burning emissions characterized by low EC/TC ratios
during the cold period and cited Zdráhal et al. (2002) as a confirmation.
The use of EC and OC relationship can be useful to distinguish their origin (Turpin and
Huntizicker 1995; Xu et al. 2012). EC may be used as a tracer for primary emissions of
carbonaceous compounds; for this reason, variations of the OC/EC ratio range can be
considered as an indicator, because it may identify changes in emission sources,
source areas or processes (Viana et al. 2007). In this study, the mean OC/EC ratio for
the cold period was 4±2 (range 1.8 - 10.1), while 1.7±0.5 (range 1.1–3.3) for the warm
one. The annual range was comparable with that of 0.6-8.4 and 0.7-15.4 reported by
Giannoni et al. (2012) and Khan et al. (2016), respectively, while other Italian OC/EC
values were in a range of 4.0–5.6 in Genoa, 4.3–13.4 in Florence and 4.5–8.2 in Milan
(Vecchi et al. 2008). With respect to this study, similar winter OC/EC mean ratios were
obtained by Viana et al. (2007): 4.7, 3.1, 4.4, while higher values (2.8, 2.6, 3.5) were
observed during the summer period in Amsterdam, Barcelona and Ghent, respectively.
The temporal variation (Fig. 2), with high OC/EC values during cold period and lower
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during the warm one, was observed also in other studies (e.g. Lonati et al. 2007; Khan
et al. 2016). High OC/EC ratios could underline the influence of biomass burning
sources (Ram and Sarin 2010), or the formation of secondary organic aerosol (SOA,
Chow et al. 1994; Turpin and Huntizicker 1995). During winter, when the highest ratios
were observed, several factors can lead to higher OC concentrations compared to EC:
i) lower temperatures, which promote the aerosol particle phase of organic
compounds, ii) higher local contributions from household heating systems or biomass
burning, which characterize colder months, and iii) lower mixing layer heights that
enhance the SOA formation due to the accumulation of gaseous precursors (Viana et
al. 2007; Vecchi et al. 2008; Li et al. 2012). In addition, the strong daily variability in
winter, due to local contributions, may increase the OC values, whereas regional-scale
SOA during summer leads to homogeneous contributions and to lower OC variability
(Viana et al. 2007).
Fig. 2 shows linear regressions  between OC and EC: different EC-OC coefficient of
determination (R2 =  0.53 and 0.42)  were obtained during cold and warm periods,
respectively. These results suggest the presence of different sources for EC and OC
especially in summer, when the relative rates of OC and EC releases are less
proportional to one another.”
A sentence has been also added in the conclusion section:
“The OC/EC ratios mean values were higher during colder months, the annual range
was 1.1-10.1 and comparable with other Italian studies. A large variability of OC was
observed during the cold period probably due to local contribution, while during the
warm one, the regional-scale SOA leads to homogenous contributions and to lower OC
variability.”
Line 229-230: the impact of temperature on increasing OC/EC level is expected, but
not the mixing height. Mixing height variation is expected to have comparable impact
on EC and OC concentration, hence no substantive impact on the ratio. This statement
needs to be corrected.
Old Text:
“Low temperature and mixing layer heights during winter play an important role to
increase the OC/EC ratio; for this reason, ratio values were higher during cold period”
Corrected with (see also previous reply):
“During winter, when the highest ratios were observed, several factors can lead to
higher OC concentrations compared to EC:  i) lower temperatures, which promote the
aerosol particle phase of organic compounds, ii) higher local contributions from
household heating systems or biomass burning, which characterize colder months, and
iii) lower mixing layer heights that enhance the SOA formation due to the accumulation
of gaseous precursors (Viana et al. 2007; Vecchi et al. 2008; Li et al. 2012). In addition,
the strong daily variability in winter, due to local contributions, may increase the OC
values, whereas regional-scale SOA during summer leads to homogeneous
contributions and to lower OC variability (Viana et al. 2007) ”.
Reviewer #2: The authors are presenting a study about the influence of biomass
burning on air quality at industrial-urban site in Northern Italy. The topic of the study is
recent in Europe, and the data on biomass burning are still incomplete. Even though
several source apportionment studies from this region are published, there is still a
need for new studies to elucidate the contribution of biomass burning to airborne
particulate matter and to support the local administration and decision-makers to
improve the air quality. The work appears to be well done and the interpretations of the
authors are very reasonable. I would suggest publishing the article manuscript with
minor revisions:
Section 2, line 106-108: Rephrase the sentence.
“Previous studies showed that all these sources clearly affect air quality in Venice and
significantly apportion to PM mass and its component (PAHs, inorganic ions and
elements)”
Rephrased:
“Previous studies showed that all these sources clearly affect the air quality in Venice,
by varying the PM mass and its chemical composition (PAHs, inorganic ions and
elements)”
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Section 3.1, line 128-129: How many field blanks did you use?
We used 5 field blanks.
Section 3.3, line 151-152: What was the reason for the model set-up? Do you expect
different analysis results with starting heights of e.g. 100 m AGL and 500 m AGL?
The model set-up was made by considering the Planetary Boundary Layer (PBL)
variations. During the cold period, the mixing height is below 500 m. PBL variations
were observed also during the day. At night, the PBL drops down to below 100 m
(Pecorari et al. 2013).
Section 4.3, line 212-217: Rephrase the paragraph and refer to the primary sources
e.g. Sudheer and Sarin 2008 discuss the TC/EC ratio and Vianna et al., 2007 refer to
the study conducted in Ghent by Zdráhal et al. (2002).
Old text:
Fossil fuel and biomass burning sources can be distinguished by using the EC/TC ratio
(Sudheer and Sarin 2008).  Further, this ratio could identify emissions also from
different types of biomass burning (Andreae and Merlet 2001). Engling et al. (2011)
reported a value of 0.23 ± 0.10 for PM2.5 in Tengchong County impacted by biomass
burning activities; our ratios were 0.22±0.06 and 0.38±0.06 during cold and warm
periods, respectively, reaching the highest values in summer and following a clear
decrease in winter. This behavior was also observed in Amsterdam and could be
related to wood burning emissions characterized by low EC/TC ratios during the cold
period (Viana et al. 2007).
Rewritten:
“Sudheer and Sarin (2008) discussed the EC/TC ratio as a way to distinguish fossil fuel
and biomass burning sources. In addition this ratio could identify emissions also from
different types of biomass burning (Andreae and Merlet 2001). Engling et al. (2011)
reported a value of 0.23 ± 0.10 for PM2.5 in Tengchong County impacted by biomass
burning activities; our ratios were 0.22±0.06 and 0.38±0.06 during cold and warm
periods, respectively, reaching the highest values in summer and following a clear
decrease in winter. This behavior was also observed in Amsterdam by Viana et al.
(2007), who related it to wood burning emissions characterized by low EC/TC ratios
during the cold period and cited Zdráhal et al. (2002) as a confirmation.”
Section 4.5, line 285-286: Rephrase the sentence according to the Figure 3.
Text and Figure 3 have been corrected:
Old text:
Results of CPF and CBPF are shown in Fig. 3. During the cold period, the higher
probabilities (Fig. 3a) are reached toward south, south-east (PM2.5, OC, LG) and also
west and north-west for K+, where a large rural area is located. In the warm period
(Fig. 3b) CPF plots highlight the higher probabilities for wind blowing from the north-
west sector i.e. in the direction of the mainland characterized especially by the
conurbation of Mestre and the farmland.
Revised text:
Results of CPF and CBPF are shown in Fig. 3. During the cold period, higher
probabilities in CPF plots (Fig. 3a) are reached for PM2.5, OC, LG and K+ toward
south, south-east. In the warm period (Fig. 3b) CPF plots highlight higher probabilities
for wind blowing from the north-west sector i.e. in the direction of the mainland
characterized by the conurbation of Mestre and the farmland.
.
Section 4.5, line 289-292: Rephrase the sentence and add the WS intervals for the
different WD.
In the bivariate polar plots interesting features can be seen. They show that the
significant profile contributions are associated with low wind speed  conditions from the
north-west sector, indicating that biomass combustion can be an important local source
of pollution, but also with high wind  from north, north –west and from south-east, in the
cold and warm period respectively. This highlights a probable external contribution for
PM and biomass burning tracers.
Corrected:
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In the bivariate polar plots (CBPF) interesting features can be seen. They show that
significant profile contributions are associated with low wind speed conditions (< ~2 m
s-1) from the north-west sector (rural area), indicating that biomass combustion can be
an important local source of pollution (Fig. 3a). However, the high wind speed (> 3 m s-
1) from north, north –west and from south-east, in the cold and warm period,
respectively could suggests a probable external contribution for PM and biomass
burning tracers  (Fig. 3a and 3b).
Section 4.6: What was the reason for the CWT analysis of the biomass burning traces
(OC, LG, K+) and  not ratios (OC/PM2.5, LG/OC, K+/OC) as for the PSCF analysis and
vice versa? Do the results of the two analyses match or differ since you analyse
traces/ratios with the CWT and the PSCF?
As in the study of Squizzato and Masiol (2015) the outputs of the two approaches were
very similar, it was considered redundant to apply both on the same variables. CWT
are applied on LG, OC e K+ for the first time in the Venice area. So far CWT have
been reported  only for ions (Squizzato and Masiol 2015; Masiol et al. 2015)
The choice of not using ratios, e.g. OC/PM2.5 in CWT computations was based on the
fact that scarce data for  PM are available in the central-western European regions
(Fra-UK) for back trajectory use. In addition, when using datasets based on low
concentrations, the information extent that can be obtained is very limited (Hsu et al.
2003).
Section 4.6, line 318: How can you explain a probable contribution of LG/OC from the
North Sea in summer?
This is not so clear and deserves further investigation. However some studies  (e.g.
Saarnio et al. 2010; Karlsson et al. 2013)report the role of the transport from east
Europe of air masses to northern europe. These  masses come from regions where in
especially in summer large biomass combustion occurs. In addition the long distance
transport from these areas has been detected also in UK  (Witham and Mannin 2007).
In the last decade United Kingdom replaced coal in the large power utilities with wood
pellet and burned about 4.7 tons of pellets for industrial use in 2014 (about 60% of EU-
28 Industrial wood pellet consumption) (AEBIOM, 2015).
Section 4.7, line 339-351: Unify text and Table 2 wood combustion versus biomass
combustion.
Corrected in the text
Section 4.7, line 327-332: Compare the results found here with other European studies
if possible.
Added text:
“On the other hand, considering some European studies, LG/OC mean values during
fall-winter seasons were in the range 1-8% (Giannoni et al. 2012; Elsasser et al. 2012;
Crilley et al. 2015; Pietrogrande et al. 2016)”
Figure 3: Correct the captions CPF/CBPF and unify the units.
Figure 3 was modified
Added references
AEBIOM, European Biomass Association, 2015. AEBIOM statistical report 2015,
European Bioenergy Outlook, Key findings 2015. Brussels, Belgium. Available at:
http://www.aebiom.org/library/statistical-reports/statistical-report-2015/.
Karlsson PE, Ferma M, Tømmervik H, Hole LR, Karlsson GP, Ruoho-Airola T, Aas W,
Hellsten S, Akselsson C, Mikkelsen TN, Nihlgård B (2013) Biomass burning in eastern
Europe during spring 2006 caused high deposition of ammonium in northern
Fennoscandia. Environ Poll 176: 71-79
Pecorari E, Squizzato S, Masiol M, Radice P, Pavoni B, Rampazzo G (2013) Using a
photochemical model to assess the horizontal, vertical and time distribution of PM2.5 in
a complex area: Relationships between the regional and local sources and the
meteorological conditions. Sci Tot Environ 443: 681–691
Saarnio K, Aurela M, Timonen H, Saarikoski S, Teinilä K, Mäkelä T, Sofiev M,
Koskinen J, Aalto PP, Kulmala M, Kukkonen J, Hillamo R (2010) Chemical composition
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of fine particles in fresh smoke plumes from boreal wild-land fires in Europe. Sci Tot
Environ 408: 2527–2542
Witham C, Manning A (2007) Impacts of Russian biomass burning on UK air quality.
Atmos Environ 41: 8075–8090
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Abstract 15 
A total of 85 PM2.5 samples were collected at a site located in a large industrial zone (Porto Marghera, Venice, Italy) 16 
during a one year-long sampling campaign. Samples were analyzed to determine water soluble inorganic ions, 17 
elemental and organic carbon and levoglucosan and results were processed to investigate the seasonal patterns, the 18 
relationship between the analyzed species and the most probable sources by using a set of tools, including: (i) 19 
conditional probability function (CPF), (ii) conditional bivariate probability function (CBPF), (iii) concentration 20 
weighted trajectory (CWT) and (iv) potential source contribution function (PSCF) analyses. Furthermore, the 21 
importance of biomass combustions to PM2.5 was also estimated. Average PM2.5 concentrations ranged between 54 µg 22 
m-3 and 14 µg m-3 in the cold and warm period, respectively. The mean value of total ions was 11 µg m-3 (range 1-46 µg 23 
m-3): the most abundant ion was nitrate with a share of 34% followed by sulfate (23%), ammonium (11%), potassium 24 
(3%) and chloride (3%). Levoglucosan accounted for 1.2% of the PM2.5 mass and its concentration ranged from few ng 25 
m-3 in warm periods to 2.6 µg m-3 during winter. Average concentrations of levoglucosan during the cold period were 26 
higher than those found in other European urban sites. This result may indicate a great influence of biomass 27 
combustions on particulate matter pollution. Elemental and organic carbon (EC, OC) showed similar behavior, with the 28 
highest contributions during cold periods and lower during summer.  The ratios between biomass burning indicators 29 
(K+, Cl-, NO3-, SO42-, levoglucosan, EC and OC) were used as proxy for the biomass burning estimation and the 30 
contribution to the OC and PM2.5 were also calculated by using the LG/OC and LG/PM2.5 ratios and were estimated to 31 
be 29% and 18%, respectively. 32 
 33 
Keywords: PM2.5, Levoglucosan, Inorganic ions, OC/EC ratio, Biomass burning 34 
 35 
 36 
 37 
 38 
1. Introduction 39 
In 2013, outdoor air pollution and airborne particulate matter (PM) have been classified as human carcinogens (Group 40 
1)by IARC (International Agency for Research on Cancer). Elemental (EC) and organic (OC) carbon are major PM 41 
components and are ubiquitous in the Earth's troposphere. It was estimated that carbonaceous species contribute from 42 
~10% to 70% to fine mode particulate matter (PM2.5) (Kanakidou et al. 2005; Fuzzi et al. 2006): in European rural, 43 
urban and kerbside sites, EC ranges from 5% to 21%, while OM (organic matter expressed as 1.4*OC) from 15% to 44 
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26% of PM2.5 (Putaud et al. 2010).The European Directive 2008/50/EC (EC 2008) has included EC and OC as 45 
parameters to be monitored all over Europe. 46 
 47 
Combustions are recognized as one of the main impacting sources of worldwide airborne pollution (Gaffney and Marley 48 
2009) and mainly emit carbonaceous material in both gaseous and aerosol phases (Andreae and Merlet 2001). The 49 
combustion of biomasses (biomass burning, BB) is among the main sources of carbonaceous PM, along with fossil-fuel 50 
and industrial emissions. BB involves a large number of potential sources and fuels, e.g., wildfires (Knorr et al. 2012), 51 
savanna/forest fires (Ofosu et al. 2013), agricultural burning of crop residues (Hays et al. 2005), domestic (Akagi et al. 52 
2011) and many other open fires (Lemieux et al. 2004, and references therein). BB emissions have several adverse 53 
implications on human health (e.g., Laumbach and Kipen 2012; Kodgule and Salvi 2012), visibility and global climate 54 
(Keywood et al. 2013).  55 
 56 
Generally, BB aerosol consists in a non-uniform mixing of high molecular-weight organics, soot and potassium (e.g., 57 
Lee et al. 2015). Some compounds are usually used as tracers for BB: water soluble-potassium (K+), levoglucosan(1,6-58 
anhydro-β-D-glucopyranose) and even organic carbon are the most widely used ones (Simoneit et al. 1999). 59 
Levoglucosan, as well as other anhydrosugars, is formed during pyrolysis of materials containing cellulose (present in 60 
every type of wood) and hemicellulose at high temperature (> than 300°C) (Simoneit et al. 1999; Puxbaum et al. 2007): 61 
for  this reason, it is a good BB tracer. On the contrary, potassium should be used with caution: although it is largely 62 
emitted by BB, it also derives from other different sources, such as crustal dust, sea-salt, coal usage, waste incinerators 63 
and others (Duan et al. 2004; Wang et al. 2007; Caseiro et al. 2009; Giannoni et al. 2012; Mkoma et al. 2013).  64 
 65 
In Europe, BB emissions are generally released into the atmosphere from wild fires (especially in southern Europe), 66 
from agricultural fires (in Eastern Europe) and from fireplaces and wood stoves (in central and north Europe) (Caseiro 67 
et al. 2009). However, in countries where agriculture is an important economic sector, the combustion of biomass (e.g. 68 
agricultural waste etc) results an important source of particulate matter (Maenhaut et al. 2012; Mkoma et al. 2013, 69 
Vassura et al. 2014). 70 
 71 
The Po Valley (N Italy) is one of the remaining hot-spots for air quality in Europe, i.e. some European standards for air 72 
quality are not always met (including PM10 and PM2.5). Although a large number of studies have been performed for 73 
investigating the main sources of PM in Po Valley (e.g., Bernardoni et al. 2011; Perrone et al. 2012; Masiol et al. 2014a; 74 
Tositti et al. 2014), data on BB are still incomplete. This lack of data represents a serious gap, since recent studies have 75 
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reported that biomass combustion cause a significant increase of air pollution (Vecchi et al. 2008; van Drooge and Perez 76 
Ballesta 2009; Piazzalunga et al.2010, 2011; Belis et al. 2011; Giannoni et al. 2012; Perrone et al. 2012; Piazzalunga et 77 
al.2013a,b; Masiol et. al. 2014b, Khan et. al. 2016) and the use softwood (i.e. pellets, briquettes, logs and chips) is 78 
becoming a renewable alternative to replace the use of methane (Pignatelli et al. 2008; Pastorello et al. 2011).  79 
 80 
In the Veneto region (NE Italy),wood consumption for domestic heating and cooking was estimated to reach ~2 million 81 
tons/year (Francescato and Antonini 2010; ARPAV 2015). However, the burning of weeds and twigs deriving by 82 
mowing, pruning or cleanups of agricultural land and forest is a very common technique in Italy, and its estimation is 83 
problematic. This is partially due to uncertainties in estimating the amount of burned biomasses since ~56% of wood 84 
biomass are self-produced (38%) or traded/sold between private individuals (18%) (ARPAV 2015). 85 
 86 
This study aims to investigate the potential local and external contributions of BB sources to PM2.5 in an industrial zone 87 
included in a large urban settlement of Northern Italy.PM2.5 samples have been collected at an industrial site close to an 88 
important urban area (Mestre and Venice) during a1 year-long sampling campaign.  A total of 85 samples were selected 89 
to represent cold and warm periods and analyzed to determine water soluble inorganic ions (Cl-, NO3-, SO42-, Na+, NH4+, 90 
K+, Mg2+, and Ca2+), carbonaceous components (EC, OC) and levoglucosan. Data have been processed to investigate 91 
the seasonal behavior, the relationship among analyzed species and to evaluate the importance of BB in the study area. 92 
The main goal of this study is to define the influence of biomass burning to air quality, at first by using inorganic ions 93 
and carbonaceous species (levoglucosan, EC, OC and TC), then by estimating the biomass burning contribution on OC 94 
and PM2.5 levels. Moreover, conditional probability function (CPF), conditional bivariate probability function (CBPF), 95 
concentration weighted trajectory (CWT) and potential source contribution function (PSCF) analysis have been used to 96 
estimate the most probable emitting locations of biomass burning compounds and external contributions.  97 
 98 
2. Area of study 99 
The Venice conurbation is located in the northeastern part of Italy, in the Po Valley (Fig.1). It counts more than 270 000 100 
inhabitants, most of them concentrated in Mestre on the mainland. The sampling station was located at Malcontenta 101 
within the industrial district of Porto Marghera (Lat. N 45.4382 – Long. E 12.2055). This site is included in the 102 
monitoring network of the regional environmental agency (ARPAV), and is placed close to the industrial settlement. 103 
The main facilities of the industrial area include thermal power plants, chemical and metallurgical works and oil 104 
refineries. Since this area is included in the conurbation of Mestre, the site is also influenced by typical urban sources 105 
(e.g.: domestic heating during cold period, light duty vehicle emissions) and emissions from heavy traﬃc coming from 106 
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the A57 (part of the E70 connecting Barcelona to Kiev) and E55 (Helsingborg –Kalamáta) motorways.  Previous studies 107 
showed that all these sources clearly affect the air quality in Venice, by varying the PM mass and its chemical 108 
composition (PAHs, inorganic ions and elements) (Masiol et al. 2012a,b; Squizzato et al. 2014; Masiol et al.2014a). 109 
Unfavorable weather conditions and orographic features cause pollutant accumulation in the study area, so that the 110 
European limits for PM10 and PM2.5 are frequently exceeded (Masiol et al. 2012c). 111 
 112 
3. Experimental methods 113 
3.1 Sampling campaign and analytical methods 114 
Details of the sampling procedures were given elsewhere (Squizzato et al. 2012). Briefly, all samples were collected 115 
daily (24 h) on quartz fiber filters (Ø = 47 mm; Whatman QMA) with low volume samplers following the European 116 
standard EN 14907:2005 (2.3 m3 h-1) (CEN, 2005). The sampling campaign started on December 20, 2008, and ended 117 
on November 27, 2009. Within this period, a total of 85 samples (41 collected during the warm period and 44 during the 118 
cold period) were selected to analyze elemental and organic carbon (EC, OC), levoglucosan (LG) and water soluble 119 
inorganic ions. After sampling, filters were stored at -20°C in the dark until analyses.  120 
Two aliquots were punched from each filter for the analysis. The first one (1 cm2 or 1.5 cm²) has been analyzed by the 121 
Sunset Lab OC-EC Aerosol Analyzer (Thermal Optical Transmittance (TOT)-method) for OC and EC. In the present 122 
study, the NIOSH 5040 protocol (US EPA 2003) was used. Analyses were carried out by following the procedure of 123 
carbon speciation established by Birch and Cary (1996). 124 
The second one (1 cm2) has been analyzed for levoglucosan and ions following the procedure described in Piazzalunga 125 
et al. (2010, 2013b and references therein) with an Ion Chromatograph (Dionex) equipped with an Ion Pac AS14A 126 
(Dionex) column for anions (Cl-, NO3- and SO42-), a CS12A (Dionex) column for cations (Na+, Ca2+, NH4+ and Mg2+) 127 
and a Carbopac PA-10 column with an amperometric detector for LG. Details of analytical procedure are provided as 128 
supplementary material. Field blanks (n=5) were treated in the same way as the other samples and the mean of their 129 
results was routinely subtracted from the sample values. 130 
The quality and accuracy of quantitative analyses were systematically checked by analyzing the standard reference 131 
material SRM1649a and 1648 (NIST, USA). The recovery of each analyzed compound was >75%. 132 
 133 
3.2Conditional probability function and conditional bivariate probability function 134 
In order to evaluate the most probable source area of PM2.5, LG, OC and K+, the conditional probability function (CPF) 135 
and conditional bivariate probability function (CBPF) (Uria-Tellaetxe and Carslaw 2014 and references therein) were 136 
performed for cold and warm periods by using the “Openair” package. Meteorological data have been provided by Ente 137 
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della Zona Industriale di Porto Marghera.  138 
CPF is an important tool to identify a source area by estimating the probability that a pollutant species exceeds a 139 
specified value within a particular wind sector (Uria-Tellaetxe and Carslaw 2014). In this study the 75th percentile has 140 
been used as threshold value.  141 
The conditional bivariate probability function (CBPF) adds more information on the nature of the sources (or chemical 142 
species), because each source type can be influenced by wind speed. In this view, wind speed represents a third variable 143 
which is coupled to ordinary CPF (Uria-Tellaetxe and Carslaw 2014).  144 
 145 
3.3 Back trajectories, CWT and PSCF computation 146 
Back-trajectory analysis allows to indicate the origin of an air mass investigating the potential effects of long-range 147 
transports (Abdalmogith and Harrison 2005). This method traces the history of air masses passing over a geographical 148 
area at a defined time (Squizzato and Masiol 2015). In this study, back-trajectories analysis was realized using 149 
“Openair” package in R (Carslaw 2015) considering the density of air masses (i.e. where the air masses spent most of 150 
their time) on pre-calculated back trajectories using the HYSPLIT trajectory model (Hybrid Single Particle Lagrangian 151 
Integrated Trajectory Model) (Draxler and Rolph 2015; Rolph 2015).  Our model set-up parameters included 4 days (-152 
96 h) run time, starting height of 20 m AGL, GDAS data fields. In this work, back-trajectories were used to investigate 153 
two episodes of high OC, LG and K+ concentrations occurred during the cold period. 154 
External contributions due to long range transport processes were evaluated by applying CWT (concentration weighted 155 
trajectory), a Trajectory Statistical Method (TSM) based on back-trajectory analysis. CWT approach is a method that 156 
combines weighting trajectories with concentrations (Hsu et al. 2003). In each grid cell, each concentration is used as a 157 
weighting factor to evaluate the residence times of all trajectories and then it is divided by the cumulative residence 158 
time from all trajectories (Cheng et al. 2013). 159 
PSCF model is able to identify locations of sources that influenced aerosol concentrations over the study area. PSCF 160 
allows to obtain values combining aerosol composition data with air parcel back-trajectory calculations. This method is 161 
a conditional probability that an air parcel with a specific pollutant concentration arrives at a receptor site after having 162 
passed through a specific geographical area (Biegalski and Hopke 2004). In this study, PSCF model was applied to 163 
investigate the source regions of LG/OC, K+/OC and OC/PM2.5 which are the most important biomass burning indicator. 164 
 165 
4. Results and discussion 166 
4.1. PM2.5 mass and its ion composition 167 
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Table1 presents concentrations of PM2.5 mass and water-soluble inorganic ions in aerosol collected during the 2008-168 
2009 campaign in Malcontenta. It is well known that the Po Valley is one of the hotspots of PM2.5 in Europe and often 169 
standard air quality fixed by the European Directive 2008/50/EC (annual average 25 µg m-3) are not met and PM10 170 
regulatory daily limits exceeded, because of local weather conditions and external transport, especially in winter season 171 
(Traversi et al. 2008; Fattore et al. 2011; Masiol et al. 2015). PM2.5 concentrations range between 54 µg m-3 and 14 µg 172 
m-3 as average values in the cold and warm period, respectively, in agreement with the typical behavior of the studied 173 
area.  The average concentration of the three anions followed the sequence of NO3- > SO42- > Cl-, while the five cations 174 
followed the order NH4+ > K+ > Ca2+ > Na+ > Mg2+. Total ions represented 15-53% of PM2.5 (annual average 31%) and 175 
the most abundant ion was nitrate with an average of 34% of total ions, mostly present during winter time. The second 176 
most abundant ion was sulphate 23% (22% non-sea-salt (nss-SO42-)) followed by ammonium 11% and both potassium 177 
and chloride 3%. The reaction between gaseous HNO3 and marine NaCl leads to a decrease of Cl- concentrations during 178 
warm period caused by its volatilization as HCl (Aldabe et al. 2011). Obtained data for SO42- were similar to those 179 
found by Masiol et al. (2015): no seasonal trend were observed. Nevertheless, the oxidation of SO2 to SO42− due to 180 
summer solar radiation is responsible for its increase during the warm period rather than during the cold one (Aldabe et 181 
al. 2011). On the contrary, lower values for NO3- levels are recorded during summer because the formation of gaseous 182 
HNO3 is favored and a negative artifact during sampling cannot be excluded (Vecchi et al. 2009; Aldabe et al. 2011). A 183 
seasonal trend was observed for NH4+ confirming that during summer the reaction between ammonium and NaCl gives 184 
volatile NH4Cl (Aldabe et al. 2011).  185 
 186 
4.2. Concentrations of OC, EC and levoglucosan (Carbonaceous species) 187 
As reported in Table 1,  the higher concentrations of LG, OC, EC, and TC (TC=OC+EC) were detected during the cold 188 
period, while lower mean concentrations were observed during the warm period. Both meteorological factors and 189 
source variations can explain the same seasonal trend of carbonaceous species and PM mass (Mkoma et al. 2013). A 190 
Spearman correlation was applied and all these compounds were significantly correlated at p<0.05 during the cold 191 
period (0.64<rs<0.98), while during the warm period the significant correlation was lower (0.46<rs< 0.97) with the 192 
exception of LG which resulted non-correlated (Table SI1). The concentration of levoglucosan ranged from close to 193 
zero to 2.6 µg m-3, with an average value of 0.66 µg m-3 and an amounts of 1.2% in the PM2.5. Levoglucosan annual 194 
cycle was also demonstrated in previous studies: it is quite stable during the winter period and has a significant decrease 195 
during summer due to photochemical processes (Hoffmann et al. 2010). During winter, levoglucosan mean values 196 
obtained in north Europe ranged between 0.04 μg m-3 (Copenhagen) and 0.17 μg m-3 (Oslo) (Yttri et al. 2005; Hedberg 197 
et al. 2006; Oliveira et al. 2007; Szidat et al. 2009); for southern Europe Reche et al. (2012) reported a mean value of 198 
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0.06 μg m-3 in Barcelona. The data of the present study resulted to be higher and ranged from 0.06 to 2.6 μg m-3 (mean 199 
value 1.2 μg m-3) and were comparable to those observed in the Lombardy region (Piazzalunga et al. 2010, 2011).This 200 
underlines that in the area of Venice – Mestre, wood is still used as heating material in domestic and/or industrial 201 
heating, especially in winter. As reported by Giannoni et al. (2012), lower levoglucosan concentrations during the warm 202 
period could represent background levels and could be caused by long range transport of pollutants, dry vegetation 203 
and/or agricultural biomass combustion. TC accounted for 36% and 23.4% of the PM2.5 mass in cold and warm periods, 204 
respectively. TC concentrations ranged from 1.5 to 48.7 µg m-3, with an average of 12.1 µg m-3. Among the 205 
carbonaceous components, OC was the most abundant, accounting for 78.4% of TC and 28% of PM2.5 during the cold 206 
period and 62% of TC and 14% of PM2.5 in the warm period. The mean value was 9.4 µg m-3 in a range between 0.9 – 207 
41 µg m-3. During this sampling period, the abundance of OC in PM2.5 varied from 8.5% to 40%, with an average of 208 
21.5%. EC constituted around 9% of the total PM2.5 mass and 38% of the TC during the warm period, while represented 209 
around 7.8% of PM2.5 and 21.5% of the TC during the cold period.  210 
 211 
4.3. EC/TC and OC/EC ratios 212 
Sudheer and Sarin (2008) discussed the EC/TC ratio as a way to distinguish fossil fuel and biomass burning 213 
sources. In addition this ratio could identify emissions also from different types of biomass burning (Andreae and 214 
Merlet 2001). Engling et al. (2011) reported a value of 0.23 ± 0.10 for PM2.5 in Tengchong County impacted by 215 
biomass burning activities; our ratios were 0.22±0.06 and 0.38±0.06 during cold and warm periods, respectively, 216 
reaching the highest values in summer and following a clear decrease in winter. This behavior was also observed 217 
in Amsterdam by Viana et al. (2007), who related it to wood burning emissions characterized by low EC/TC ratios 218 
during the cold period and cited Zdráhal et al. (2002) as a confirmation. 219 
The use of EC and OC relationship can be useful to distinguish their origin (Turpin and Huntizicker 1995; Xu et 220 
al. 2012). EC may be used as a tracer for primary emissions of carbonaceous compounds; for this reason, 221 
variations of the OC/EC ratio range can be considered as an indicator, because it may identify changes in emission 222 
sources, source areas or processes (Viana et al. 2007). In this study, the mean OC/EC ratio for the cold period was 223 
4±2 (range 1.8 - 10.1), while 1.7±0.5 (range 1.1–3.3) for the warm one. The annual range was comparable with 224 
that of 0.6-8.4 and 0.7-15.4 reported by Giannoni et al. (2012) and Khan et al. (2016), respectively, while other 225 
Italian OC/EC values were in a range of 4.0–5.6 in Genoa, 4.3–13.4 in Florence and 4.5–8.2 in Milan (Vecchi et 226 
al. 2008). With respect to this study, similar winter OC/EC mean ratios were obtained by Viana et al. (2007): 4.7, 227 
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3.1, 4.4, while higher values (2.8, 2.6, 3.5) were observed during the summer period in Amsterdam, Barcelona and 228 
Ghent, respectively. 229 
The temporal variation (Fig. 2), with high OC/EC values during cold period and lower during the warm one, was 230 
observed also in other studies (e.g. Lonati et al. 2007; Khan et al. 2016). High OC/EC ratios could underline the 231 
influence of biomass burning sources (Ram and Sarin 2010), or the formation of secondary organic aerosol (SOA, 232 
Chow et al. 1994; Turpin and Huntizicker 1995). During winter, when the highest ratios were observed, several 233 
factors can lead to higher OC concentrations compared to EC:  i) lower temperatures, which promote the aerosol 234 
particle phase of organic compounds, ii) higher local contributions from household heating systems or biomass 235 
burning, which characterize colder months, and iii) lower mixing layer heights that enhance the SOA formation 236 
due to the accumulation of gaseous precursors (Viana et al. 2007; Vecchi et al. 2008; Li et al. 2012). In addition, 237 
the strong daily variability in winter, due to local contributions, may increase the OC values, whereas regional-238 
scale SOA during summer leads to homogeneous contributions and to lower OC variability (Viana et al. 2007). 239 
Fig. 2 shows linear regressions  between OC and EC: different EC-OC coefficient of determination (R2 =  0.53 240 
and 0.42)  were obtained during cold and warm periods, respectively. These results suggest the presence of 241 
different sources for EC and OC especially in summer, when the relative rates of OC and EC releases are less 242 
proportional to one another. 243 
4.4. Relationships  among biomass burning indicators 244 
During combustion processes, K+ and Cl- content in the fluids of plants volatilize and, due to nucleation or condensation 245 
reactions, are converted into the particulate phase (Alves et al. 2010). Hence, during biomass combustion, great 246 
quantities of K-rich particles are released, because this ion is considered the major electrolyte of the cytoplasm. This is 247 
the reason why high K+ levels normally characterize biomass burning source, while fossil-fuel emission produces little 248 
K+ (Pio et al. 2008; Satsangi et al. 2012; Mkoma et al. 2013). Consequently, K+/EC and K+/OC ratios can be used to 249 
distinguish biomass burning emissions from other sources as fossil fuel combustion (Duan et al. 2004; Satsangi et al. 250 
2012; Vicente et al. 2013). Unfortunately, to our knowledge, in Venice-Mestre area, there are no reported values of 251 
ratios of such chemical species from biomass burning, whereas few are reported for the Po Valley (Belis et al. 2011, 252 
Piazzalunga et al. 2011). Low K+/EC values reported in literature were in a range from 0.025 to 0.09 and indicate fossil 253 
fuel combustion, while high values in a range from 0.21 to 0.46 are representative of biomass burning (Andreae 1983). 254 
Data obtained in this study showed mean values of 0.2±0.1 and 0.05±0.09 for the cold and the warm seasons, 255 
respectively, denoting a major contribution of biomass burning during winter. The K+/OC ratio in Malcontenta varied 256 
from 0.03 to 0.15 with an average of 0.05±0.02 during the cold period and from 0.001 to 0.32 with an average of 257 
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0.03±0.06 during the warm period. Similarly, K+/OC ratios for various types of biomass burning ranged between 0.01 258 
(both extratropical forest and biofuel burning) and 0.1 (Savanna and grassland): agricultural residue burning presented a 259 
ratio between 0.04-0.13 (Andreae and Merlet 2001). A good significant Spearman’s correlation (at p < 0.05) was 260 
obtained between K+ and OC during the cold period (rs = 0.91),revealing that the OC origin is linked to biomass 261 
combustion (Mkoma et al. 2013). On the other hand, a low but also significant Spearman’s correlation was observed 262 
during the warm season (rs = 0.49). A similar result was obtained for the K+/EC correlation: good significant 263 
Spearman’s correlation (at p < 0.05) during cold period (rs = 0.77) and insignificant during the warm season (rs = 0.25). 264 
Cl-/EC ratio was also calculated. Obtained data were 0.2±0.2 as a mean value of cold period (range close to 0-0.96) and 265 
0.05±0.1 as a mean of warm period (range 0.016-0.62). Ferek et al. (1998) and Yamasoe et al. (2000) reported Cl-/EC 266 
ratios of 0.44 and in a range 0.15-0.17, for cerrado fires in Brazil, while a higher value equal to 2.39 was obtained by 267 
Andreae et al. (1998) for Savanna fires in Africa. This discrepancy could be caused by the influence of industrial 268 
emissions, sea-salt aerosol etc., which may enormously increase this ratio (Yamasoe et al. 2000; Saud et al. 2013). 269 
However, two episodes, that occurred on 7th June and on 5th September, were characterized by high values  of K+/OC 270 
and K+/EC ratios. In particular, the K+/OC and K+/EC ratios of 7th June were 0.20 and 0.37, respectively. On 5th 271 
September these values were 0.32 and 0.51.   272 
The ratio for nss-SO42-/EC was found to be 1.0±0.7 and 2.5±1.6 for cold and warm periods, respectively, with an annual 273 
average of 1.7±1.4, while nss-SO42-/OC ratios were 0.26±0.19 during the cold period and 1.4±0.8 during the warm one, 274 
with an annual average of 0.8±0.8. These ratios were higher than those found in the literature (Mkoma et al. 2013; 275 
Pipalatkar et al. 2014). Only Sudheer and Sarin (2008) reported a ratio of ~15 for nss-SO42-/EC recorded in Bay of 276 
Bengal. Similarly, NO3-/EC and NO3-/OC were found to be 2.7±3.3 and 0.6±0.4 during cold period, while 0.5±0.4 and 277 
0.3±0.2 during summertime, respectively. NO3-/EC ratio recorded in this study during warm period was similar to those 278 
found by Pipalatkar et al. (2014). However, our NO3-/EC and NO3-/OC ratios were higher than those calculated by 279 
Gillies et al. (2001) from road tunnel aerosol which were 0.13 and 0.17 respectively in PM2.5, suggesting the influence 280 
of biomass burning to our receptor site. 281 
Both K+ and levoglucosan are recognized markers of biomass combustion (Fraser and Lakshmanan 2000; Mullaugh et 282 
al. 2014). The temporal trend of levoglucosan coincided with that of K+ and the two species were positively and 283 
significantly correlated during this study (rs = 0.88 at p < 0.05), similarly to what it was observed in other studies 284 
(Urban et al. 2012, Mullaugh et al. 2014). This indicates that it is acceptable to use K+ as a biomass burning tracer 285 
especially in winter. In Austria, Caseiro et al. (2009) found a LG/K+ ratio in a range 0.9-1.7 during the cold period. Our 286 
values varied from 0.09 to 2.35 during the cold period and the range was extremely lower during the warm period (close 287 
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to 0–0.3) with respect to the range of 0.22-0.56 reported by Caseiro et al. (2009),probably because of the lower wood 288 
combustion in this season near the sampling site.  289 
 290 
4.5. Conditional probability function 291 
Results of CPF and CBPF are shown in Fig. 3. During the cold period, higher probabilities in CPF plots (Fig. 3a) are 292 
reached for PM2.5, OC, LG and K+ toward south, south-east. In the warm period (Fig. 3b) CPF plots highlight higher 293 
probabilities for wind blowing from the north-west sector i.e. in the direction of the mainland characterized by the 294 
conurbation of Mestre and the farmland. 295 
In the bivariate polar plots (CBPF) interesting features can be seen. They show that significant profile contributions are 296 
associated with low wind speed conditions (< ~2 m s-1) from the north-west sector (rural area), indicating that biomass 297 
combustion can be an important local source of pollution (Fig. 3a). However, the high wind speed (> 3 m s-1) from 298 
north, north –west and from south-east, in the cold and warm period, respectively could suggests a probable external 299 
contribution for PM and biomass burning tracers (Fig. 3a and 3b). 300 
 301 
4.6. Potential contribution of long-range transport 302 
Fig. 4 shows the frequency of back trajectories calculated over the study period. Most trajectories originate over the 303 
eastern part of the Po Valley, indicating that the influence of long-range transport on aerosol composition could be 304 
negligible rather than the regional origin. 305 
The analysis of the potential effects of long-range transport on a regional scale through the CWT model clearly 306 
indicates some predominant source areas for potential transboundary transport. During the cold period, OC, LG and K+ 307 
appear influenced by high external contribution when air masses are coming from Central Europe (Fig. 5). Moreover an 308 
increase in LG concentration can be also observed for air masses coming from East Europe, highlighting a widespread 309 
distribution of this species. 310 
In the warm period K+ concentrations appear not influenced by external transport, whereas OC shows the highest 311 
concentration from the warmer European area. This feature can be related the presence of OC as secondary organic 312 
aerosol, which is more easily formed in conditions of high temperature and intense solar radiation, that enhance 313 
photochemical reactions (Zhang et al. 2012). LG shows the highest concentration over the Alpine area, where the 314 
biomass burning is common throughout the year. In a recent study conducted by ARPAV, the largest use of biomass in 315 
the  Veneto region was observed in the Belluno province, which is located in the Alpine area (ARPAV, 2015). 316 
Single high-polluted episodes have been also investigated. Two episodes of high OC, LG and K+ concentrations 317 
occurred during the campaign: 1) from 8th to 12th January and 2) from 12th to 15th January. Fig. 6 shows the single back-318 
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trajectories associated with the daily concentration of OC, LG and K+ in order to explain if the origin of high pollutant 319 
concentrations may be local or due to long-range transport. Both episodes showed that the passage of back trajectories 320 
over the central-eastern part of Europe could promote the enrichment of air masses with pollutant species, having in this 321 
way a high impact over the Eastern Po Valley.  322 
The PSCF results calculated on the ratio of the most important biomass burning indicators are shown in Fig. 7. All the 323 
considered ratios showed large variability both in the whole period and the seasons. During summer, the OC/PM2.5 and 324 
LG/OC ratios show the highest probabilities over the Austria, Hungary and Slovenia, with a probable contribution of 325 
LG/OC also from the North Sea. Different behavior was observed for K+/OC which is present over central Italy and 326 
mostly over Tunisia and Algeria. During winter time, the major source of LG/OC could be firstly the Mediterranean 327 
area and secondly the Alpine region of the North-East Italy. The OC/PM2.5 source area is more distributed over the 328 
Eastern-Central Europe, while K+/OC is more located over the study area and Dolomites. On annual base, LG/OC and 329 
K+/OC are mostly localized over the Alps, while OC/PM2.5 in the Eastern Europe. 330 
 331 
4.7. Estimate of the contribution of biomass burning to OC and PM2.5 332 
The use of tracers can be an important tool to define the source identification. Since levoglucosan is considered a good 333 
tracer for biomass burning activities, it was used in this study to evaluate the biomass burning contribution to OC and 334 
PM2.5. In particular, the most considered tool is the LG/OC ratio (Zhang et al. 2008; Mkoma et al. 2013). In Beijing, 335 
Zhang et al. (2008) recorded a LG/OC ratio of 2.1% as annual average in PM2.5 while Mkoma et al. (2013)  a value of 336 
3-4% in PM2.5 and PM10 for Tanzania. On the other hand, considering some European studies, LG/OC mean values 337 
during fall-winter seasons were in the range 1-8% (Giannoni et al. 2012; Elsasser et al. 2012; Crilley et al. 2015; 338 
Pietrogrande et al. 2016).  In our study, the mean LG/OC ratio of all sampling period was 4±5%, with a decrease from 339 
cold to warm periods. During winter, the mean LG/OC ratio was 8±3% (range 0.4-13%)and it was close to 0 in summer. 340 
However, large variability of this ratio can be caused by combustion efficiency/conditions, technologies or composition 341 
of  burned fuel (branches, leaves, wood, etc.) (Yttri et al. 2009). 342 
The LG/PM2.5 ratio calculated for all period was 1.2±1.4%. During cold season, this ratio was 2.4±0.9% (range 0.07-343 
3.6%) and it was comparable with that of Piazzalunga et al. (2011) for PM10. Also in this case, lower values were 344 
recorded during summer months. 345 
Several studies provided emission factors for various type of biomass combustion (i.e. savanna, agricultural waste, 346 
residential wood burning etc), by considering emissions of trace gases and aerosol from biomass burning (Andreae and 347 
Merlet 2001; Szidat et al. 2006; Wang et al. 2007). 348 
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Actually, results of burning tests on biomass (considering both type of wood and plants) in Italy and also in Europe are 349 
still scarce; further, limited information is available on the types of burning plants of the Veneto region. To estimate the 350 
per cent contribution of biomass combustion to OC, the factor calculated by Szidat et al. (2006) by averaging literature 351 
data of emission ratios was used in this work. The percent contributions of biomass burning to the OC during cold and 352 
warm periods are given in Table 2. In the same way, the contribution to PM2.5 was calculated. In this case, the emission 353 
ratio considered was that of Andreae and Merlet (2001) for agricultural residues. As an annual average, 18% of the 354 
PM2.5 originated from biomass burning, especially during the cold period. This value was higher than that reported in 355 
other studies (Wang et al. 2007; Reche et al. 2012). The contribution to OC was on average 29% for all the sampling 356 
campaign and, during wintertime, the biomass burning contributed for 56±20% to OC. Results obtained from other 357 
studies reported average contributions in the range 19-50% in PM10 during the cold period (Szidat et al. 2006; 358 
Piazzalunga et al. 2011). A very little contribution of biomass burning to OC and PM2.5 occurs also during the warm 359 
period, particularly at the end of July (27th and 28th) and in September (3rd). This underlines a source of biomass burning 360 
pollution in Venice-Mestre area also in summer season, probably for agricultural activities. 361 
 362 
Conclusions 363 
This study is the first one that investigates the importance of biomass burning in the Venice-Mestre area by determining 364 
the concentrations of  PM2.5, OC, EC, TC, LG and inorganic ions in the station of Malcontenta. PM2.5 values above 100 365 
µg m-3were recorded in two occasions, and highlighted the critical situation for air quality of Po Valley due to weather 366 
conditions, external transport and orographic features. Results showed that wood is still used and biomass burning can 367 
be an additional local source of particulate air pollution, in particular during the cold period. Because few data are 368 
available in Italy, this study also provides an estimation of biomass burning in the Venice-Mestre area. The main 369 
findings of this work can be summarized as follows: 370 
 Total ions accounted for 15-35% of PM2.5 with an annual average of 31%. Nitrate was the most abundant ion 371 
(34%) followed by sulphate (23%), ammonium (11%) and both potassium and chloride (3%). 372 
 TC accounted for 36% and 23.4% of PM2.5 in the cold and warm period, respectively. During cold period, OC 373 
and EC represented 78.4% and 21.5% of TC, while during warm period 62% and 38%, respectively.  374 
 LG concentrations were higher during the cold period and comparable to those found in the Lombardy region 375 
rather than to those of other European urban sites, thus underlining that in the study area, wood is still used 376 
especially in winter. 377 
 The EC/TC and relationships among biomass burning indicators denoted a major contribution of biomass 378 
burning during winter, probably because of the lower wood combustion during warm period near the sampling 379 
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site. 380 
 The OC/EC ratios mean values were higher during colder months, the annual range was 1.1-10.1 and 381 
comparable with other Italian studies. A large variability of OC was observed during the cold period probably 382 
due to local contribution, while during the warm one, the regional-scale SOA leads to homogenous 383 
contributions and to lower OC variability. 384 
 CPF and CBPF showed that wind speed and wind directions can play an important role on the transport of 385 
biomass burning indicators, which could be linked with both local and external contributions. 386 
 A CWT model, applied on OC, LG and K+, was used to identify the potential transboundary transport. Results 387 
indicate that Eastern and Central Europe can influence the Eastern part of Po plain. In fact, two episodes of 388 
high biomass burning indicator concentrations were also investigated confirming that events of high-pollution 389 
may be due to the transport of air masses from polluted areas. 390 
 The PSCF analysis was applied on the ratios of the biomass burning indicators. Results confirmed the 391 
variability of LG/OC, K+/OC and OC/PM2.5 among the seasons indicating that biomass burning is important in 392 
the North-East Italy and Central Europe. 393 
 The contribution of biomass burning to OC and PM2.5 was on average 29% and 18%, respectively. This 394 
contribution was found important mostly during the cold period, but a little contribution, occurred also in the 395 
warm period, revealed  that wood is still an important source of pollutants from biomass burning also in 396 
summer because of  agricultural activities.  397 
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 Table 1 - Mean concentrations and concentration ranges of PM2.5, inorganic ions, carbonaceous components and 
levoglucosan in Malcontenta during the whole, cold and warm periods. 
 Total period (n = 85)  Cold period (n = 44)  Warm period (n = 41) 
 Mean-SD Range  Mean-SD Range  Mean-SD Range 
PM2.5 (µg m-3) 36 ± 27 6.4 - 134.6  54 ± 27 13.3 - 134.6  16 ± 6 6.4 – 38.3 
OC (µg m-3) 9 ± 9 0.9 - 41.3  16 ± 9 2.9 - 41.3  2 ± 1 0.9 – 4.4 
EC (µg m-3) 3 ± 2 0.6 - 7.7  4 ± 2 0.7 - 7.7  1.4 ± 0.5 0.6 – 2.5 
TC (µg m-3) 12 ± 11 1.5 - 48.7  20 ± 11 3.8 – 48.7  4 ± 1 1.5 – 6.8 
LG (ng m-3) 658 ± 851 0.01 - 2656  1272 ± 787 61 – 2656  0.5 ± 1.6 0.01 - 8 
Cl-(µg m-3) 0.4 ± 0.5 0.002 - 2.2  0.8 ± 0.5 0.002 – 2.2  0.1 ± 0.1 0.02 – 0.6 
NO3-(µg m-3) 5 ± 7 0.2 – 39.2  9 ± 8 0.5 – 39.2  0.6 ± 0.4 0.2 – 2.2 
SO42-(µg m-3) 3 ± 2 0.004 – 11.6  3 ± 1 0.004 - 6  3 ± 2 0.6 – 11.6 
Nss-SO42-(µg m-3)* 3 ± 2 0.001 – 11.5  3 ± 1 0.001 – 6  3 ± 2 0.6 – 11.6 
NH4+(µg m-3) 2 ± 1 0.003 – 6.9  2 ± 1 0.003 – 6.9  0.9 ± 0.6 0.003 – 2.5 
Na+(µg m-3) 0.2 ± 0.3 0.01 – 1.3  0.4 ± 0.4 0.01 – 1.3  0.1 ± 0.1 0.04 – 0.7 
K+(µg m-3) 0.5 ± 0.6 0.003 – 0.3  0.9 ± 0.6 0.07 – 2.3  0.1 ± 0.1 0.003 – 0.5 
Mg2+(µg m-3) 0.05 ± 0.05 0.008 – 2.6  0.06 ± 0.04 0.01 – 0.2  0.04 ± 0.1 0.008 – 0.3 
Ca2+(µg m-3) 0.3 ± 0.2 0.07 – 1.1  0.3 ± 0.2 0.07 – 1.1  0.3 ± 0.2 0.2 – 1.1 
Σ ions (µg m-3) 11 ± 9 1.4 - 46  17 ± 10 2.6 - 46  5 ± 3 1.4 – 17.3 
*Nss-SO42-were calculated as [SO42-]– 0.25·[Na+]. 
 
 
 
Table 1
 Table 2 - Mean and range of percent contribution of biomass burning (BB) to the OC and PM2.5 during 2008-
2009 cold and warm period campaigns in Malcontenta. 
 
 Contribution of BB to the OC(%) Contribution of BB to the PM2.5(%) 
 Cold period Warm period Cold period Warm period 
   Mean ± SD  56 ± 20  0.1 ± 0.4 34 ± 13 0.05 ± 0.14 
Min –Max     3 - 85 Close to 0 – 2 1 - 53  Close to 0 – 0.7 
Here, the contributions of biomass burning to OC and PM2.5 were calculated using the following equation: (LG/OC or 
PM2.5)measured/(LG/OC or PM2.5)reference. 
 
Table 2
  
 
 
Figure 1 – Area of study (Images from Google Earth) with wind roses (wind speed in m s-1) of 
cold and warm periods.  
 
Figure-1
  
 
 
 
 
 
Figure 2 – Correlations, temporal variation of OC and EC concentrations and OC/EC ratio for PM2.5 aerosol. 
Figure-2
 
 Figure 3 – CPF and CBPF plot for LG, K+ and OC for concentrations >75th percentile. Wind speed (ws) is in m s-
1.  
 
Figure 3
 Figure 4 – Gridded back trajectory frequencies. 
 
Figure-4
  
Figure 5 – CWT analysis for OC, K+ and LG for the whole period, summer and winter 
seasons. Concentrations are in μg m−3. 
 
Figure-5
 Figure 6 – Single back-trajectories during two high concentration events of biomass burning 
indicators. 
Figure-6
  
Figure 7 – PSCF analysis for LG/OC, K+/OC and OC/PM2.5 for the whole period, summer and 
winter seasons.  
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Reviewer #1.The manuscript by Benetello et al. discusses the contribution of both regional and local sources of 
biomass burning to PM2.5 concentrations in the Po valley, Italy. The authors present time-integrated data on 
ambient OC, EC, inorganic ions and levoglucosan, as well as the results of multiple receptor modeling and back 
trajectory analyses (such as conditional probability function and concentration weighted trajectories, among 
other methods).  The manuscript and discussions therein are very well-articulated, and the analyses are presented 
elegantly. Quality of the manuscript and importance of the topic certainly warrant a publication in ESPR. Below 
are a few (minor) comments that can help further improve the quality of this already well-written manuscript 
prior to publication: 
 
 
Line 41: Please define IARC.  
Definition added 
 
Line 42: Please define fine mode particulate matter.  
“from 10% to 70% to fine mode particulate matter” 
 
Rewritten: 
“from ~10% to 70% to fine mode particulate matter (PM2.5)” 
 
Line 134: "probably" should be changed to "probable".  
Corrected 
 
Line 187: TC is not defined anywhere in the text. From the numbers it seems that it refers to "total carbon" and is 
calculated as the sum of EC and OC. This needs to be clarified.  
Added: (TC=OC+EC) 
 
Authors Click here to download Authors' Response to Reviewers'
Comments Replies-to-the-referees.docx
Line 189-191: It is worthwhile to present the actual correlation matrix with all correlation values in either SI or 
the main text.  
The correlation matrix has been added in the “supplementary material” part. 
 
 
Line 212-235 (section 4.3). There are logical issues in the interpretation of OC/EC ratio in this section. First of 
all, OC and EC can both have very diverse source origins. Analyzing the OC/EC ratio as an indicator of the 
extent of biomass burning is too simplistic to be true, and can be significantly biased depending on 
location/season. As an example, the authors first attribute the higher OC/EC concentration in winter compared to 
summer to higher biomass burning. Few lines later temperature difference and partitioning of OC in the particle 
phase is noted as another factor affecting this comparison. The extent to which each of these factors contributes to 
OC levels is, however, unclear. Another effect totally ignored in these discussions is the secondary formation of 
OC, which can enhance the OC levels during summer without affecting EC concentrations. Accordingly, OC/EC 
ratios in many regions of the world where SOA formation is substantial during summer seasons (such as  
southwestern United States) is higher during the warmer season compared to the colder seasons. It is, overall, 
insightful to discuss the OC/EC ratios and compare them to what was found in literature, but interpretation of this 
ratio (in the absence of more deterministic carbonaceous species parameters such as WSOC or WIOC) should be 
made with caution given the numerous factors that affect both OC and EC levels.  
 
Old Text 
Sudheer and Sarin (2008) discuss the EC/TC ratio as a way to distinguish fossil fuel and biomass burning 
sources.  Further, this ratio could identify emissions also from different types of biomass burning 
(Andreae and Merlet 2001). Engling et al. (2011) reported a value of 0.23 ± 0.10 for PM2.5 in Tengchong 
County impacted by biomass burning activities; our ratios were 0.22±0.06 and 0.38±0.06 during cold and 
warm periods, respectively, reaching the highest values in summer and following a clear decrease in 
winter. This behavior was also observed in Amsterdam (Viana et al., 2007) and could be related to wood 
burning emissions characterized by low EC/TC ratios during the cold period as observed by Zdráhal et al. 
(2002).The use of EC and OC relationship can be useful to distinguish their origin (Xu et al. 2012). EC 
may be used as a tracer for primary emissions of carbonaceous compounds; for this reason, variations of 
the OC/EC ratio range can be consider as an indicator, because it may identify changes in emission 
sources, source areas or processes (Viana et al. 2007). OC/EC ratios of 9, 1.1 and 2.7 reported by Watson 
et al. (2001), discern biomass burning, vehicle emissions and coal combustion sources, respectively. 
Lonati et al. (2007) reported a mean OC/EC ratio of 8.6 for the cold season and 4.2 for the warm one in 
Milan. Other Italian OC/EC values were in a range of 4.0–5.6 in Genoa, 4.3–13.4 in Florence and 4.5–8.2 
in Milan (Vecchi et al. 2008). In this study, the mean OC/EC ratios for the cold period were 4±2 (range 
1.8 - 10.1), while 1.7±0.5 (range 1.1–3.3) for the warm period and were generally similar to those found 
in most European cities. In fact, OC/EC mean ratios obtained by Viana et al. (2007) were 4.7, 3.1, 4.4 for 
winter time and 2.8, 2.6, 3.5 during the summer period in Amsterdam, Barcelona and Ghent, respectively. 
Generally, lower OC/EC ratios indicate fossil-fuel combustion, while higher ratios underline the 
influence from biomass burning sources (Ram and Sarin 2010). Low temperature and mixing layer 
heights during winter play an important role to increase the OC/EC ratio; for this reason, ratio values 
were higher during cold period (Vecchi et al. 2008; Li et al. 2012). This pattern was observed in studies 
in Italy (e.g. Vecchi et al. 2008) and in other countries like China (e.g. Dan et al. 2004; Li et al. 2012). 
Figure 2 shows correlations, the temporal variation of EC and OC concentrations and OC/EC ratio for 
PM2.5. Different EC-OC correlation coefficient (R2) of 0.53 and 0.42 were observed during cold and 
warm periods, respectively. This result suggests the presence of different sources for EC and OC 
especially in summer, since the relative rates of OC and EC releases are not proportional to each other. 
 
Rewritten: 
 
“Sudheer and Sarin (2008) discussed the EC/TC ratio as a way to distinguish fossil fuel and biomass 
burning sources. In addition this ratio could identify emissions also from different types of biomass 
burning (Andreae and Merlet 2001). Engling et al. (2011) reported a value of 0.23 ± 0.10 for PM2.5 in 
Tengchong County impacted by biomass burning activities; our ratios were 0.22±0.06 and 0.38±0.06 
during cold and warm periods, respectively, reaching the highest values in summer and following a clear 
decrease in winter. This behavior was also observed in Amsterdam by Viana et al. (2007), who related it 
to wood burning emissions characterized by low EC/TC ratios during the cold period and cited Zdráhal et 
al. (2002) as a confirmation. 
The use of EC and OC relationship can be useful to distinguish their origin (Turpin and Huntizicker 1995; 
Xu et al. 2012). EC may be used as a tracer for primary emissions of carbonaceous compounds; for this 
reason, variations of the OC/EC ratio range can be considered as an indicator, because it may identify 
changes in emission sources, source areas or processes (Viana et al. 2007). In this study, the mean OC/EC 
ratio for the cold period was 4±2 (range 1.8 - 10.1), while 1.7±0.5 (range 1.1–3.3) for the warm one. The 
annual range was comparable with that of 0.6-8.4 and 0.7-15.4 reported by Giannoni et al. (2012) and 
Khan et al. (2016), respectively, while other Italian OC/EC values were in a range of 4.0–5.6 in Genoa, 
4.3–13.4 in Florence and 4.5–8.2 in Milan (Vecchi et al. 2008). With respect to this study, similar winter 
OC/EC mean ratios were obtained by Viana et al. (2007): 4.7, 3.1, 4.4, while higher values (2.8, 2.6, 3.5) 
were observed during the summer period in Amsterdam, Barcelona and Ghent, respectively. 
The temporal variation (Fig. 2), with high OC/EC values during cold period and lower during the warm 
one, was observed also in other studies (e.g. Lonati et al. 2007; Khan et al. 2016). High OC/EC ratios 
could underline the influence of biomass burning sources (Ram and Sarin 2010), or the formation of 
secondary organic aerosol (SOA, Chow et al. 1994; Turpin and Huntizicker 1995). During winter, when 
the highest ratios were observed, several factors can lead to higher OC concentrations compared to EC:  i) 
lower temperatures, which promote the aerosol particle phase of organic compounds, ii) higher local 
contributions from household heating systems or biomass burning, which characterize colder months, and 
iii) lower mixing layer heights that enhance the SOA formation due to the accumulation of gaseous 
precursors (Viana et al. 2007; Vecchi et al. 2008; Li et al. 2012). In addition, the strong daily variability in 
winter, due to local contributions, may increase the OC values, whereas regional-scale SOA during 
summer leads to homogeneous contributions and to lower OC variability (Viana et al. 2007). 
Fig. 2 shows linear regressions  between OC and EC: different EC-OC coefficient of determination (R2 =  
0.53 and 0.42)  were obtained during cold and warm periods, respectively. These results suggest the 
presence of different sources for EC and OC especially in summer, when the relative rates of OC and EC 
releases are less proportional to one another.”  
 
A sentence has been also added in the conclusion section:  
“The OC/EC ratios mean values were higher during colder months, the annual range was 1.1-10.1 
and comparable with other Italian studies. A large variability of OC was observed during the cold 
period probably due to local contribution, while during the warm one, the regional-scale SOA leads 
to homogenous contributions and to lower OC variability.” 
 
 
Line 229-230: the impact of temperature on increasing OC/EC level is expected, but not the mixing height. Mixing 
height variation is expected to have comparable impact on EC and OC concentration, hence no substantive 
impact on the ratio. This statement needs to be corrected. 
Old Text: 
“Low temperature and mixing layer heights during winter play an important role to increase the OC/EC 
ratio; for this reason, ratio values were higher during cold period” 
Corrected with (see also previous reply): 
“During winter, when the highest ratios were observed, several factors can lead to higher OC 
concentrations compared to EC:  i) lower temperatures, which promote the aerosol particle phase of 
organic compounds, ii) higher local contributions from household heating systems or biomass burning, 
which characterize colder months, and iii) lower mixing layer heights that enhance the SOA formation 
due to the accumulation of gaseous precursors (Viana et al. 2007; Vecchi et al. 2008; Li et al. 2012). In 
addition, the strong daily variability in winter, due to local contributions, may increase the OC values, 
whereas regional-scale SOA during summer leads to homogeneous contributions and to lower OC 
variability (Viana et al. 2007) ”. 
Reviewer #2: The authors are presenting a study about the influence of biomass burning on air quality at 
industrial-urban site in Northern Italy. The topic of the study is recent in Europe, and the data on biomass 
burning are still incomplete. Even though several source apportionment studies from this region are published, 
there is still a need for new studies to elucidate the contribution of biomass burning to airborne particulate matter 
and to support the local administration and decision-makers to improve the air quality. The work appears to be 
well done and the interpretations of the authors are very reasonable. I would suggest publishing the article 
manuscript with minor revisions: 
 
Section 2, line 106-108: Rephrase the sentence.  
“Previous studies showed that all these sources clearly affect air quality in Venice and significantly 
apportion to PM mass and its component (PAHs, inorganic ions and elements)” 
 
Rephrased: 
“Previous studies showed that all these sources clearly affect the air quality in Venice, by varying the PM 
mass and its chemical composition (PAHs, inorganic ions and elements)” 
 
Section 3.1, line 128-129: How many field blanks did you use?  
We used 5 field blanks.  
 
Section 3.3, line 151-152: What was the reason for the model set-up? Do you expect different analysis results with 
starting heights of e.g. 100 m AGL and 500 m AGL?  
The model set-up was made by considering the Planetary Boundary Layer (PBL) variations. During the 
cold period, the mixing height is below 500 m. PBL variations were observed also during the day. At 
night, the PBL drops down to below 100 m (Pecorari et al. 2013). 
 
Section 4.3, line 212-217: Rephrase the paragraph and refer to the primary sources e.g. Sudheer and Sarin 2008 
discuss the TC/EC ratio and Vianna et al., 2007 refer to the study conducted in Ghent by Zdráhal et al. (2002).  
Old text: 
Fossil fuel and biomass burning sources can be distinguished by using the EC/TC ratio (Sudheer and 
Sarin 2008).  Further, this ratio could identify emissions also from different types of biomass burning 
(Andreae and Merlet 2001). Engling et al. (2011) reported a value of 0.23 ± 0.10 for PM2.5 in Tengchong 
County impacted by biomass burning activities; our ratios were 0.22±0.06 and 0.38±0.06 during cold and 
warm periods, respectively, reaching the highest values in summer and following a clear decrease in 
winter. This behavior was also observed in Amsterdam and could be related to wood burning emissions 
characterized by low EC/TC ratios during the cold period (Viana et al. 2007). 
 
Rewritten: 
“Sudheer and Sarin (2008) discussed the EC/TC ratio as a way to distinguish fossil fuel and biomass 
burning sources. In addition this ratio could identify emissions also from different types of biomass 
burning (Andreae and Merlet 2001). Engling et al. (2011) reported a value of 0.23 ± 0.10 for PM2.5 in 
Tengchong County impacted by biomass burning activities; our ratios were 0.22±0.06 and 0.38±0.06 
during cold and warm periods, respectively, reaching the highest values in summer and following a clear 
decrease in winter. This behavior was also observed in Amsterdam by Viana et al. (2007), who related it 
to wood burning emissions characterized by low EC/TC ratios during the cold period and cited Zdráhal et 
al. (2002) as a confirmation.” 
 
Section 4.5, line 285-286: Rephrase the sentence according to the Figure 3.  
Text and Figure 3 have been corrected: 
 
Old text: 
Results of CPF and CBPF are shown in Fig. 3. During the cold period, the higher probabilities (Fig. 3a) 
are reached toward south, south-east (PM2.5, OC, LG) and also west and north-west for K+, where a large 
rural area is located. In the warm period (Fig. 3b) CPF plots highlight the higher probabilities for wind 
blowing from the north-west sector i.e. in the direction of the mainland characterized especially by the 
conurbation of Mestre and the farmland. 
 
Revised text: 
Results of CPF and CBPF are shown in Fig. 3. During the cold period, higher probabilities in CPF plots 
(Fig. 3a) are reached for PM2.5, OC, LG and K+ toward south, south-east. In the warm period (Fig. 3b) 
CPF plots highlight higher probabilities for wind blowing from the north-west sector i.e. in the direction 
of the mainland characterized by the conurbation of Mestre and the farmland. 
. 
Section 4.5, line 289-292: Rephrase the sentence and add the WS intervals for the different WD.  
In the bivariate polar plots interesting features can be seen. They show that the significant profile 
contributions are associated with low wind speed  conditions from the north-west sector, indicating that 
biomass combustion can be an important local source of pollution, but also with high wind  from north, 
north –west and from south-east, in the cold and warm period respectively. This highlights a probable 
external contribution for PM and biomass burning tracers. 
 
Corrected: 
 
In the bivariate polar plots (CBPF) interesting features can be seen. They show that significant profile 
contributions are associated with low wind speed conditions (< ~2 m s-1) from the north-west sector (rural 
area), indicating that biomass combustion can be an important local source of pollution (Fig. 3a). 
However, the high wind speed (> 3 m s-1) from north, north –west and from south-east, in the cold and 
warm period, respectively could suggests a probable external contribution for PM and biomass burning 
tracers  (Fig. 3a and 3b). 
Section 4.6: What was the reason for the CWT analysis of the biomass burning traces (OC, LG, K+) and  not 
ratios (OC/PM2.5, LG/OC, K+/OC) as for the PSCF analysis and vice versa? Do the results of the two analyses 
match or differ since you analyse traces/ratios with the CWT and the PSCF? 
As in the study of Squizzato and Masiol (2015) the outputs of the two approaches were very similar, it 
was considered redundant to apply both on the same variables. CWT are applied on LG, OC e K+ for the 
first time in the Venice area. So far CWT have been reported  only for ions (Squizzato and Masiol 2015; 
Masiol et al. 2015) 
The choice of not using ratios, e.g. OC/PM2.5 in CWT computations was based on the fact that scarce data 
for  PM are available in the central-western European regions (Fra-UK) for back trajectory use. In 
addition, when using datasets based on low concentrations, the information extent that can be obtained is 
very limited (Hsu et al. 2003). 
 
Section 4.6, line 318: How can you explain a probable contribution of LG/OC from the North Sea in summer?  
This is not so clear and deserves further investigation. However some studies  (e.g. Saarnio et al. 2010; 
Karlsson et al. 2013)report the role of the transport from east Europe of air masses to northern europe. 
These  masses come from regions where in especially in summer large biomass combustion occurs. In 
addition the long distance transport from these areas has been detected also in UK  (Witham and Mannin 
2007). In the last decade United Kingdom replaced coal in the large power utilities with wood pellet and 
burned about 4.7 tons of pellets for industrial use in 2014 (about 60% of EU-28 Industrial wood pellet 
consumption) (AEBIOM, 2015).    
 
 
Section 4.7, line 339-351: Unify text and Table 2 wood combustion versus biomass combustion. 
Corrected in the text 
 
Section 4.7, line 327-332: Compare the results found here with other European studies if possible. 
Added text: 
“On the other hand, considering some European studies, LG/OC mean values during fall-winter seasons 
were in the range 1-8% (Giannoni et al. 2012; Elsasser et al. 2012; Crilley et al. 2015; Pietrogrande et al. 
2016)” 
Figure 3: Correct the captions CPF/CBPF and unify the units. 
 
Figure 3 was modified  
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